The rolled AZ31 Mg alloy sheets were processed by multi-pass bending (MPB) process at room temperature and followed by annealing treatment. Mechanical properties of the as-received and MPB sheets in annealed conditions were examined based on the concurrent microstructure and texture evolution. The results show that the room temperature ductility of the Mg sheets was improved by multi-pass bending process. Moreover, the (0002) basal texture was drastically weakened. Enhanced the ambient mechanical properties, such as lower yield strength and larger uniform elongation, were fabricated by MPB path due to the weak basal texture. The microstructure and mechanical responses were characterized and discussed.
Introduction
Magnesium (Mg) alloys have attracted considerable attention for a promising application in the automotive and electronics owing to their high specific strength and high electromagnetic shielding [1] [2] [3] [4] [5] . However, the application of wrought Mg alloys has been limited by poor room temperature ductility 6, 7 . It was ascribed to the large difference in critical resolved shear stresses (CRSS) between basal and prismatic slip in hexagonal close-packed (hcp) crystal structure in Mg alloys [8] [9] [10] [11] [12] . This results in a lack of the active slips systems and can hardly offer an arbitrary shape change at the grain level.
The plastic deformation modes of wrought Mg alloys depend on a combination of basal slip, non-basal slip and deformation twinning [13] [14] [15] [16] . The basal slip is willingly to activate at room temperature because of the low CRSS [17] [18] [19] , which results in Mg alloy sheets show a strong (0002) basal texture after plastic deformation. Here, the c-axis of grains is predominantly aligned parallel to the normal direction (ND) 20, 21 . It has been reported that the ambient ductility of Mg alloy sheets strongly depends on the influence of the initial crystallographic texture of basal plane 22, 23 . This strong texture induces a poor deformation capability of sheet thinning and a stronger anisotropy, and consequently results in the low room temperature ductility. Thus, the texture control should be considered as an effective way to enhance the ductility in the following deformation processes at room temperature. In our work, the effect of multi-pass bending deformation on microstructure and mechanical properties of the rolled AZ31 alloy sheets was examined, which supplies a range of possible texture evolution to explore.
Experimental procedure
The material used in present work was commercially available wrought AZ31 (Mg-3% Al-1% Zn) rolled sheets with a thickness of 1 mm. Sheets were processed by the multi-pass bending (MPB) along the rolling direction (RD) at room temperature, as shown in Fig. 1 . The device of MPB process was composed of up and down rollers. And the number of up and down rollers was 4, respectively. Here, the center of up and down rollers was not in a straight line, but rather to be staggered. Force of the sheets can be seen from Fig. 1(b) . The rolling speed of MPB process was fixed at 5 m/min. The MPB sheets were then annealed at 300 o C for 1 h. The multi-pass bending and annealed sheets are referred to as MPBA sheets in the following paragraphs. The microstructure was examined by electron backscattered diffraction (EBSD) using HKL Chanel 5 System equipped FEI Nova 400 FEG-SEM. The X-ray texture analysis was carried out by Rigaku D/Max 2500.
Dumbbell tensile samples with nominal gage dimensions of 12, 6 and 1 mm were machined from the AZ31 sheets. Tensile tests were conducted on a CMT6305-300KN universal testing machine at the initial strain rate of 10 -3 s -1 at room temperature. The uniaxial tension was performed at the angles of 0 o , 45 o and 90 o to the rolling direction. In the following paragraphs, RD, ND and TD represent the rolling, normal and transverse directions, respectively. as-received sheets. The microstructure of as-received sheet was homogeneous with equiaxed dynamically recrystallized (DRX) grains. In general, the red color expresses (0002) basal plane in hcp crystal structure, while the blue color represents the planes deviating 90 o away from (0002) basal plane in IPF maps 24 . As-received Mg alloy sheets exhibited the strong (0002) basal texture where <1120> direction in lots of grains orientated parallel to RD. After MPB process, the c-axis of grains mostly rotated away from the basal plane, which suggests that (0002) basal texture of MPBA sheets was relatively weakened. Thus, MPB process resulted in strong divergence of the grain orientation.
Results and discussion
The grain size of AZ31 alloy sheets obtained from EBSD data is denoted in Fig. 3 . As-received sheets were characterized by DRX grains of about 12 μm. The average grain size of MPBA sheets was about 8 μm. It can be seen that the fraction of large grains in MPBA sheets dropped sharply, as shown in Fig. 3(b) . The MPB process is consisted of compress and shear deformation. This was introduced shear deformation into thin Mg alloy sheets between the upper and lower rollers. At the beginning stage of MPB process, when the Mg alloy sheets pass over first roller, it is very difficult to activate basal slip during bending because of the strong (0002) basal texture. Here, the plastic deformation mainly depends on the prismatic slip and the pyramidal twins. During the following rolling passes, the orientations and stress states of the grains are changed because of the alternating operations of slip and twinning. Grain refinement mechanism was mainly due to grain subdivision in order to accommodate the intense plastic strain by the bending deformation. During the multi-pass bending process, the storage energy could drive the nucleation to finish the recrystallization. The growth continuously raised, and the increase in nucleation rate was higher than one in rate of the growth, resulting in a decrease in average grain size 25 . The fraction of boundaries as a function of the misorientation angle for adjacent grains of as-received and MPBA sheets was measured in Fig. 4 To provide a full depiction of the basal texture and clearly represent its evolution during the MPB process, the pole figures of as-received and MPBA sheets are shown in Fig. 5(a) . The MPB routes strongly affect the texture including the characteristics of the orientation distribution, the inclination direction of the basal plane and the texture intensity. Compared with the as-received sheet, the basal texture of MPBA sheets was remarkably weakened. For Mg alloy with a hcp crystalline structure, the basal slip dominated the deformation at the low strain at room temperature 27, 28 . During the MPB process, the c-axes of the grains rotated to the TD-RD plane, which could be attributed to the basal dislocation activity in favorably oriented grains during the bending deformation. It was suggested that the majority of to ED at room temperature are depicted in Fig. 6 . Mechanical properties, e.g. yield strength (YS, 0.2% offset strength), ultimate tensile strength (UTS) and uniform elongation (E U ) are also summarized in Fig. 7 . It can be seen that the MPBA sheet exhibits superior room temperature ductility in every directions compared with as-received sheets. And MPBA sheets show lowest yield strength. In general, the Mg alloy with a strong basal texture would place many grains in hard orientations 31, 32 . The critical resolved shear stress (CRSS) of the (0002) basal slip is about 1/100 that of non-basal slip in Mg alloys, which leads to the stress localization and premature shear failure during the deformation process. With an increase in the basal Schmid factor and activation of the basal slip system, an angle is formed between the basal planes of the grains and the bending direction so that the c-axis becomes inclined from the ND towards the RD. Thus, it was suggested that the weaker (0002) basal texture could result in a higher Schmid factor of the basal slip and thus leads to the lower yield strength and higher ductility 33, 34 .
The plastic deformation at room temperature can be accommodated by the dislocation slip on the basal plane in Mg alloys 35, 36 . The as-received Mg alloy sheets with strong basal texture are unfavorable for basal slip during the plastic deformation. For MPBA sheets, the weak basal texture and inclination of the c-axes favor the action of basal slip during the deformation. During multi-pass bending deformation, repeated up-down bending gives rise to the waved strain. This could lead to the strong divergence of the grain orientation and triggered the angular spread of the (0002) basal plane, and thus favored the texture modifications.
Conclusions
In summary, we demonstrated that room temperature ductility of rolled AZ31 alloy sheets can be enhanced by employing a multi-pass bending process followed by annealing. The divergence of grain orientation and weak basal texture were also obtained by MPBA process. Improved mechanical properties, such as lower yield strength and larger uniform elongation, were received in the direction of 0 o , 45 o and 90 o to ED at room temperature compared with the as-received sheet. MPBA approach is an efficient alternative to improve the room temperature ductility of the rolled AZ31 alloy sheets.
